Earth's lowermost mantle displays complex geological structures that likely result from heterogeneous thermal and electromagnetic interaction with the core [1] [2] [3] [4] . Geophysical models of the core-mantle boundary (CMB) region rely on the thermal and electrical conductivities of appropriate geomaterials which, however, have never been probed at representative pressure and temperature (P-T) conditions. Here we report on the opacity of single crystalline bridgmanite and ferropericlase, which is linked to both their radiative and electrical conductivity, measured in dynamically-and statically-heated diamond anvil cells as well as computed from first-principles at CMB conditions. Our results show that light absorption in the visible spectral range is enhanced upon heating in both minerals but the rate of change in opacity with temperature is a factor of six higher in ferropericlase. As a result, bridgmanite in the lowermost mantle is moderately transparent while ferropericlase is highly opaque. Our measurements suggest a very low (< 1 W/m/K) and largely temperature-independent radiative conductivity in the lowermost mantle, at odds with previous studies 5, 6 . This implies that the radiative mechanism has not contributed significantly to cooling the Earth's core throughout the geologic time and points to a present-day CMB heat flow of 9-11 TW. Opaque ferropericlase is electrically conducting and mediates strong core-mantle electromagnetic coupling, explaining the intradecadal oscillations in the length of day, low secular geomagnetic variations in Central Pacific, and the preferred paths of geomagnetic pole reversals.
Insofar, the absorption coefficients of lower mantle minerals have never been measured at CMB P-T conditions. The brightness of conventional light sources is insufficient to probe hot samples with spectral radiance corresponding to several thousand degrees Kelvin and spectroscopic measurements at the conditions of combined high P and T remain a great challenge. As a consequence, information on the spectroscopic properties of mantle minerals at high P is largely limited to T < ~1000 K. Here, we overcome the experimental limitations by employing statically-and dynamically-heated DACs coupled with laser-bright broadband pulsed optical probes and fast detectors. We report on the light absorption in single crystalline bridgmanite (Bgm), ferropericlase (Fp), and an aggregate of these minerals with realistic chemical compositions at P-T conditions representative of the lowermost mantle. We show that temperature is a major factor that governs the opacity near the base of the mantle where Bgm remains moderately transparent in the visible range while Fp is highly opaque. We reinforce our experimental findings with first-principles calculations of Fp optical properties at near CMB conditions, which constrain its absorption coefficient in the near-IR range as well as the electrical conductivity. Our results indicate extremely low radiative thermal contribution to the QCMB and have profound implications to energy transport and electromagnetic coupling across the core-mantle boundary.
First, we collected high-pressure wide spectral range absorption coefficients of doublepolished single crystalline Bgm6 (Bgm with 6 mol.% Fe) and Fp13 (Fp with 13 mol.% Fe) (Extended Data Fig. 1 ) using a conventional optical absorption setup that allows high-quality measurements at room temperature 10 . These absorption spectra reveal the distinct light absorption mechanisms that may contribute to the opacity of Bgm and Fp in the lowermost mantle. Intervalence Fe 2+ -Fe 3+ charge transfer (CT) gives rise to the broad absorption band at ~17000 cm -1 in the spectrum of Bgm6 (Mg0.94Fe 2+ 0.04Fe 3+ 0.02Al0.01Si0.99O3), which is close in composition to that expected for Bgm in the lower mantle 11 . Crystal field (d-d) bands were not observed in the thin (~6 µm at 117 GPa) and relatively iron-poor sample studied here, as was also the case in the previous high-pressure studies of lower mantle Bgm 6, 12 . The spectrum of Fp13 showed three multiplicity-allowed low spin Fe 2+ bands. Both Bgm6 and Fp13 have a distinct UV absorption edge, typically assigned to the Fe-O CT (e.g. Ref. 13 ).
We continued with dynamic experiments in which the samples were heated by a single 1 µs long near-infrared (1070 nm) laser pulse and probed by an ultra-bright broadband pulsed laser (Methods; Extended Data Fig. 2 ). Thermal radiation emitted off the dynamically-heated samples vanishes in streak camera images within ~10 µs following the arrival of the heating pulse (Extended Data Fig. 3A ). Finite-element modeling of time-dependent thermal fluxes in a pulsed laser-heated DAC also indicates that ~10 µs is sufficient to restore sample's temperature back to 300 K, thanks to the high thermal conductivity of diamond 14 . Accordingly, the probe pulse train arriving with an interval of 1 µs traverses distinct thermal states and records the spectroscopic information in time domain. The timing of our dynamic experiments also allows extracting room-temperature absorption spectra prior to the arrival of the heating laser and after quenching. The obtained room-temperature spectra are in good agreement with our wide-range spectra (Fig.  1) . Figure 1 . Absorption coefficients of bridgmanite at 117 GPa (A) and ferropericlase at 135 GPa (B). Black -prior to the heating pulse arrival (1-7 µs); red, orange, or green -upon cooling at high temperature (9-16 µs); and blueafter cooling (20-25 µs) . Inset in (A) is a close-up view of Bgm6 data. Temperature uncertainty is < ± 500 K. See Methods for details. Grey spectra are absorption coefficients measured prior to heating with a conventional absorption spectroscopy setup (e.g. Ref.
10 ). Corresponding wide-range spectra (SWIR to UV) at 300 K are shown in Extended Data Fig.1 .
Upon heating of Bgm6 to ~2500 K its absorption coefficient (α) averaged over the visible range is enhanced by approximately a factor of two, translating into a relatively small rate of increase in opacity: Δα/ΔT of ~ 0.05 cm -1 /K (Fig. 2) . At T > ~3000 K, Bgm6 visible range opacity increases much more rapidly with Δα/ΔT = 0.4 cm -1 /K, suggesting a crossover to a more efficient light absorption mechanism in Bgm across the temperature range of the TBL. Similarly, the opacity of Fp13 is enhanced at T > 2000 K but with a rate that is approximately six times faster than in Bgm6 (Δα/ΔT = 2.5 cm -1 /K). Specific absorption bands are no longer resolved in the high-temperature spectra of Bgm6 and Fp13 and the visible range opacity is evidently governed by a reversible temperature-induced red-shift of the Fe-O CT (UV absorption edge). Indeed, the initial room-temperature absorption coefficients of Bgm6 and Fp13 are restored after the samples cool down to 300 K. The reversibility in opacity over the heating cycles indicates that our pulsed laser heating time domain experiments probe intrinsic temperature-induced changes in the electronic structure as opposed to extrinsic iron redistribution due to temperature gradients in continuously laser-heated sample.
To gain quantitative information on the opacity of Bgm and Fp at T < 2000 K the same DAC loadings were used for static optical absorption experiments in which the samples were continuously laser-heated for 1s and probed by the broadband pulsed laser synchronized with a gated detector (Methods). Heating of Bgm6 to ~2000 K results in a slight decrease of its Fe 2+ -Fe 3+ CT band intensity while the contribution of the UV absorption edge is enhanced (Extended Data Fig. 4 ). This static experiment reveals the competing of individual light absorption mechanisms in Bgm6 at T < 2000 K, which is the cause of the relatively small net increase of its opacity in its temperature range (Δα/ΔT = 0.05 cm -1 /K), in excellent agreement with the rate inferred from the dynamic experiments described above (Fig. 2) . Unfortunately, in static experiments on Fp13 we could not achieve satisfactory spectra reversibility at T > 1000 K, which we tentatively assign to Soret-like iron diffusion due to the unavoidable temperature gradients in a laser-heated DAC. Note that the iron diffusivity in Fp is several orders of magnitude higher than in Bgm (e.g. Ref. 15 ). Apparently, the use of a single and short laser-heating pulse in dynamic experiments allowed us to suppress this unwanted irreversible effect. 11 while Fp hosts iron exclusively at the octahedral site. The p-d orbital overlap at the sixfold site in Fp is definitely larger than that at the twelvefold site in Bgm by virtue of a shorter Fe-O bond in Fp. As a result, the contribution of the Fe-O CT to the visible range absorbance is stronger in Fp and the corresponding Δα/ΔT (i.e. temperature-induced red-shift) is a factor of six higher than in Bgm. Temperature-induced red-shifts of the Fe-O CT band have been identified in many ferromagnesian minerals at relatively low pressure and T < 1700 K (e.g. Refs. 13, 16, 17 ), but the effect this mechanism bears on the lower mantle opacity and by extension its transport properties has never been quantified.
To understand the combined effect of Bgm and Fp on the opacity of the lower mantle in a realistic representative composition, we performed dynamic-heating optical experiments on pyrolite at 130 GPa and up to ~4000 K (Extended Data Fig. 5 ). We find that at T > 2500 K the absorption coefficient of pyrolite increases with 0.7 cm -1 /K, in excellent agreement with the expectation (Δα/ΔT = 0.8 cm -1 /K) for a 4:1 mixture of Bgm with Fp, approximating their volume fractions in a pyrolite model (Fig. 2) . The derived absolute value of the mean absorption coefficient at 300 K (~1000 cm -1 ) for such a pyrolite composition is sensitive to the scattering correction applied to compensate for light scattering on grain boundaries. Here, we estimated the contribution of scattering to the measured light extinction coefficient in pyrolite based on the 300 K absorption coefficients of Bgm6 and Fp13 (Extended Data Fig. 1 ), which is appropriate because scattering is negligible in single crystals. In any case, the extracted values of Δα/ΔT are robust as they do not depend on the scattering correction, assuming light scattering does not change significantly with T. This assumption is rather accurate as values of Δα/ΔT expected for a mixture of Bgm and Fp based on the single crystal measurements and observed directly in pyrolite are in excellent agreement. Significant grain growth over the 1 µs heating cycle, which would affect the scattering at high T, can also be ruled out since the temperature-enhanced absorbance of pyrolite is fully reversible (Extended Data Fig. 5 ).
In addition to the visible range opacity, we need to constrain the opacity in the near-IR spectra range, where most of the radiative flux is expected at all plausible mantle temperatures. Towards this end, we computed the electronic structure of (Mg0.875,Fe0.125)O (Methods) at P-T conditions mimicking that in our optical experiments (135 GPa, 4300 K). The computed electronic density of states (DOS) shows a non-zero density of d-electrons at the Fermi level due to the overlapping iron d-orbitals (Extended Data Fig. 6 ). Local projection of the states identifies the peak centered at -1 eV as the t2g states and the peak centered at +1 eV as the eg states of iron, both mixed with oxygen p states. Electronic excitations between the occupied and unoccupied d and p states give rise to the distinct absorption bands observed at ~0.5 and ~2 eV (Extended Data   Fig. 7) , further supporting the primary role of the Fe-O CT mechanism in the overall opacity of Fp at CMB conditions. We model radiative thermal conductivity (krad) in the TBL above the CMB using the experimentally-measured absorption coefficients of Fp and Bgm at 117-135 GPa and 2500-4300 K. The measured absorption coefficients of Fp were extrapolated to 3000 cm -1 and 25000 cm -1 using a model that allows for a smooth decrease in the absorption coefficient with frequency (Methods, Extended Data Fig. 8A ). Using this lower bound constraint on the Fp13 absorption coefficient we can now obtain its radiative thermal conductivity (Methods): ~0.2 W/m/K at 135 GP and 2500-4300 K (Fig. 3A) . By extrapolating the absorption coefficients of Bgm6 in a similar fashion (Extended Data Fig. 8B ) we obtain a radiative conductivity in the range of ~1.2-1.4 W/m/K at T ~ 3000-4000 K (Fig. 3B) . Please note that the obtained krad values are upper bounds because both Fp and Bgm are expected to show absorption bands in the IR, which we did not take into account in evaluating radiative conductivity. 19 . The grey shaded areas depict the ranges of Fp DC conductivity that would provide a conductance of 10 8 S in the lowermost 10, 10-50, and 50-150 km when mixed with insulating Bgm (0.03 S/cm) 20 , as required for the coremantle electromagnetic coupling sufficient to produce the observed 6 year component in the length of day fluctuations 8, 9 .
Interestingly, radiative conductivity of Bgm and Fp at high P-T conditions is essentially temperature-invariant, unlike that of semi-transparent materials where /+0 ~ 3 4 5 (7, 3) (Ref. 21 ).
Evidently, the transfer of radiative energy in the lowermost mantle is diminished by the temperature-induced opacity of Fp and Bgm revealed here. Assuming appropriate volume fractions of Bgm and Fp in the pyrolitic model (0.8 and 0.2) we obtained the Hashin-Shtrikman bounds 18 on the effective radiative conductivity in the lowermost mantle (Fig. 3A) . The present results indicate that the radiative conductivity remains largely constant across the TBL and is smaller than ~1 W/m/K. The absorption coefficient of post-perovskite is about two times higher than that of Bgm at the total iron content of ~10 mol.% but shows a qualitatively similar temperature-dependence of its individual absorption bands 22 to that observed in Bgm in this work due to their crystal chemical similarity. Therefore, the inclusion of post-perovskite into the model would result in lower radiative conductivity values.
Our DFT computations also indicate that the electronic contribution to the total thermal conductivity is non-negligible and is ~ 1 W/m/K (Extended Data Fig. 9 ), which is consistent with the estimate of Holmstrom, et al. 19 for Fp with 19 mol.% Fe. However, the relatively small volume fraction of Fp (20 vol.%) in the lower mantle suggests that the electronic contribution of Fp to the total thermal conductivity of the lowermost mantle is insignificant (~0.2 W/m/K). Accordingly, our estimate of the total thermal conductivity of a pyrolitic mantle (ktotal = 9-11 W/m/K) only accounts for the radiative (krad = 1 W/m/K, this work) and lattice contributions (8-10 W/m/K at CMB, previous studies [23] [24] [25] ). In a homogeneous TBL the heat flow across the CMB is given by the Fourier law of heat conduction (Eq. 1). Accepting an average temperature gradient in TBL of ~0.007 K/m 26 and our estimate of the total thermal conductivity at the base of the mantle we obtain a QCMB of 9-11 TW, which is in the range of estimates based on core energetics and mantle dynamics (8-16 TW) 3 . The apparent invariance of krad to T found here implies that heat transport by light radiation has remained relatively inefficient throughout geologic time and could not have promoted a higher QCMB in the hotter ancient Earth.
In addition to the heat transport across the CMB, our results offer a cross-check on the geodesy-based inference of high electrical conductance (10 8 S) layer 10-150 km above the core. Here we showed that Bgm is insulating under near-CMB conditions as it remains relatively transparent in the visible range even at T ~4000 K; thus, the potentially high DC conductivity of the lowermost mantle cannot be due to Bgm. This is also supported by previous studies that inferred a relatively low Bgm (and post-perovskite) electrical conductivity (~0.01-0.03 S/cm) at high P-T conditions (e.g. Ref. 20, 27 ). In contrast to Bgm, the measured absorption coefficients of Fp imply that its DC conductivity is much higher than that of Bgm at near CMB conditions. The computed electrical conductivities of (Mg0.875,Fe0.125)O at 135 GPa and 4300 K span ~45-165 S/cm (Extended Data Fig.10 ), depending mainly on the band gap correction used in the computation. This result is not only consistent with the recent theoretical estimates 19 , but it falls within the range of DC conductivities required to produce the conductance of 10 8 S in a 50-150 km thick mixture of insulating Bgm (80 vol.%) with conducting Fp (20 vol.%) (Fig. 3B) . The necessary electrical conductance may be achieved even in a thin (e.g. < 50 km) layer just above the core if the electrical conductivity of Fp is greater than 100 S/cm. The results of this work together with previous first-principles computations 19 are consistent with such high electrical conductivity in iron-enriched Fp (> 20 mol.% Fe), which could be a plausible explanation for the six year oscillation in the length of day 8, 9 . Seismic tomography images have revealed patches of ULVZs that could be explained by the occurrence of iron-enriched Fp (e.g. Ref. 28 ). If such, these regions implement strongest core-mantle electromagnetic coupling and may manifest themselves in geomagnetic features observable at the Earth's surface. A large ULVZ located beneath the Central Pacific may electromagnetically screen the varying field of the core 1,2 , which would explain the anomalously low geomagnetic secular variations observed in this region at least over the past 10-100 Ka (e.g. Refs. 29, 30 ). Likewise, electric currents in a ULVZ triggered by rapid changes in the orientation of the magnetic dipole during geomagnetic reversals may generate a torque on the core and guide the reversing dipole along the meridians that border the ULVZ (e.g.
Refs.
1,2 ). Therefore, the preference of reversal paths that border the Pacific Ocean may be due to the ULVZ detected beneath the Pacific.
Overall, our results underscore the link between radiative and electrical conductivity. Moderately opaque and electrically insulating Bgm has small but non-negligible radiative thermal conductivity the magnitude of which determines the radiative heat flux in the lowermost mantle. Highly opaque Fp has negligible radiative thermal conductivity but its semi-metallic electrical conductivity is sufficient to implement efficient core-mantle electromagnetic coupling. Therefore, possible variations in the mineralogical abundances of these minerals along the CMB (e.g. in the basaltic and pyrolitic compositions) provide the means for heterogeneous CMB thermal and electromagnetic interaction. Strongest core-mantle electromagnetic interaction is expected in regions where Fp is present at the CMB, which may be detected in the secular signal of Earth's magnetic field. thickness of ~8-10 µm were put into the sample cavity such that a sufficient area of the sample 10 cavity was not covered by the sample to allow for reference transmission measurements through
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KCl (Extended Data Fig. 2A) . Finally, the cells were brought to a desired pressure as gauged .
16
Static optical measurements at high pressure and 300 K
17
Here we used a custom-built all-reflective microscope combined with an IR, VIS, and and samples' refractive index at P > 100 GPa (n ~2) and were not taken into account.
32
Static optical measurements at high pressure at T < ~ 2000 K
33
Overall, static optical measurements at continuous laser heating allows probing the 34 sample by a large number of probe pulses, which improves the quality of the resulting absorption 35 spectra as compared to spectroscopic measurements in dynamic experiments (see below).
36
The setup combines a quasi-continuous Yt-doped 1070 nm fiber laser, a pulsed Leukos
37
Pegasus ultra-bright supercontinuum (broadband, ~4000-25000 cm -1 ) probe operating at 1 MHz,
38
and an intensified gated CCD detector (Andor iStar SR-303i-A). The confocal probe spot size 39 (~5 µm) was smaller than the heating laser spot (~15 µm). The spectral collection was initiated experiments, reflection losses were unimportant.
69
Overlapping absorption spectra were stitched together to produce a spectrum in the 70 13000-20000 cm -1 range (e.g. Fig. 1 ). Immediately after the collection of streak camera images 71 the probe laser was blocked and streak camera images were measured again at identical laser 72 heating power. These latter images were used to infer the temperature evolution of the sample 73 for a given laser heating power. In addition, the images of clean thermal background were used 74 to obtain KLMN )SHJ . Temperature measurements at the 700 and 590 nm grating position generally 75 yielded consistent results. To assign temperatures to stitched spectra we relied on radiometry 76 measurements with the grating centered at 700 nm, as more light was available for Planck fitting.
77
However, we could only observe sufficiently intense thermal background (> 10 counts in a single 78 streak camera sweep) at T > ~ 3000 K. To characterize sample absorbencies at lower 79 temperatures, up to 100 consecutive streak camera sweeps were accumulated at low laser heating 80 power to improve the statistics, assuming that the coupling of the sample to the heating laser did 81 not change substantially over the 100 heating cycles. In these cases, the sample absorbance was 82 checked afterwards to ensure its full reversibility over the heating cycles.
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We estimate the overall temperature uncertainty based on the reproducibility of the 
90
Sample thickness measurements 91 The thickness of all studied samples was measured ex situ after decompression using a to the reconstructed thickness at P ~ 117-135GPa.
100
Radiative conductivity evaluation and Smith-Drude fitting 101 Under the assumption that the grain size is substantially larger than the photon mean free 102 path the radiative conductivity of an absorbing medium is given by 21 : /+0 ( ) = light photon mean free path (1/α) in Bgm and Fp is < 10 µm (Fig. 1) . Accordingly, we assume 106 that the grain size in the proximity of the core-mantle boundary is larger than 10 µm. We note 107 that while this has been a typical assumption made in previous studies of lower mantle krad 5, 6, 12 , 108 independent estimates of the grain size in the bulk lower mantle point towards 100-1000 µm 109 grain size 38 ; thus, validating Eq.2.
110
Accurate estimates of radiative conductivity require that the frequency-dependence of the 111 absorption coefficient is known in a wide spectral range (e.g. 3000-25000 cm -1 ). In the case of converted back into the absorption coefficients (3000-25000 cm -1 spectral range) and used to evaluate radiative conductivity at the given P-T conditions. Extended Data Fig. 8A shows the 123 results of the Smith-Drude fit to the ferropericlase experimental data at 135 GPa.
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In the case of Bgm, the experimentally measured absorption spectra were also independent increase in the abortion coefficient of 0.05 and 0.4 cm -1 at 300-3000 K and 3000-134 4000 K (Fig. 2) , respectively. This approach always yields higher absorption coefficients in the
135
IR than the Smith-Drude approach. However, the difference in resulting Bgm krad values is 136 relatively small: ~20 %. For the purpose of constraining the upper limit on krad (Fig. 3A) we only 137 used the Smith-Drude models to infer radiative conductivity.
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